Implementation in Europe of large-scale testing to detect bovine spongiform encephalopathy (BSE)-infected cattle and prevent the transmission of this prion disease to humans has recently led to the discovery of novel types of bovine prions. We characterized atypical isolates called BSE L-type by analyzing their molecular and neuropathological properties during transmission to several mouse lines transgenic for the prion protein (PrP). Unexpectedly, such isolates acquired strain features closely similar to those of BSE-type agents when propagated in mice expressing ovine PrP, although they retained phenotypic traits distinct from BSE in other lines, including bovine PrP mice. These findings further underline the relationship between the crossing of species barrier and prion strain diversification, and, although the origin of the epidemic BSE agent has only been speculative until now, they provide new insight into the nature of the events that could have led to the appearance of this agent.
Introduction
Bovine spongiform encephalopathy (BSE) is a prion epidemic that has caused the death of ϳ200 000 cattle in Europe since its emergence in 1985. Its transmission to humans through contaminated food is believed to be responsible for the variant form of Creutzfeldt-Jakob disease (vCJD) (Prusiner, 1997; Aguzzi, 2006) , which has resulted in the death of almost 200 patients to date (http://www.cjd.ed.ac.uk/vcjdworld.htm). When transmitted to mice or macaques, BSE and vCJD prions share similar strainspecific properties, including a unique molecular signature based on the size and glycoform ratio of the disease-associated prion protein (PrP) fragments generated by proteolytic digestion (PrP res ) (Collinge et al., 1996; Lasmezas et al., 1996; Bruce et al., 1997; Scott et al., 1999) . Although feeding cattle with contaminated foodstuff after changes in the rendering practice has been clearly incriminated in the massive extension of the BSE epidemic, the origin of its causative agent has remained enigmatic (Wilesmith and Wells, 1991) .
In recent years, two atypical, presumably sporadic forms of BSE have been recognized in European and other countries through intensive livestock surveillance that uses rapid tests detecting PrP res . H-type isolates are characterized by PrP res fragments of significantly higher molecular sizes compared with classical BSE. Such isolates have been transmitted to both wild-type and transgenic (tg) mice and shown to retain strain-specific features distinct from that of BSE or vCJD agents transmitted to the same mice (Biacabe et al., 2004; Beringue et al., 2006) . Another group of isolates designated L-type or BASE (bovine amyloidotic spongiform encephalopathy) depending on the authors, present a protease-resistant core of a slightly lower size than PrP BSE together with a noticeable different glycopattern (Casalone et al., 2004; Buschmann et al., 2006) . In addition, affected cattle brains exhibit distinct histopathological features compared with BSE, including the presence of abundant amyloid plaques (Casalone et al., 2004) .
Here we report the characterization of L-type and BASE iso-lates by transmission to several transgenic mouse lines. We found that, although retaining unique characteristics compared with BSE-type agents during transmission to bovine and human PrP transgenic mice, such isolates acquired phenotypic traits intriguingly similar to those of the BSE agent when propagated on mice expressing ovine PrP. L-type and BASE isolates will hereafter be collectively referred to as BSE-L for the sake of clarity.
Materials and Methods
Isolates. The Italian isolates of classical BSE and L-type BSE [designated BASE by the authors (Casalone et al., 2004) ] came from the National Reference Centre for Spongiform Encephalopathies (Istituto Zooprofilattico Spermentale, Torino, Italy). The French BSE-L, goat BSE [CH636 case (Eloit et al., 2005) ], and experimental sheep BSE (Crozet et al., 2001) samples came from the National TSE Reference Laboratory (Afssa, Lyon, France). French, German, and Belgian BSE samples were provided by the Institut National de la Recherche Agronomique (Toulouse, France), the Institute for Novel and Emerging Infectious Diseases (Insel Reims, Germany), and the National Reference Laboratorium for Veterinary TSEs (Ukkel, Belgium), respectively. CH1641 sheep scrapie strain (Foster and Dickinson, 1988) (Fischer et al., 1996; Vilotte et al., 2001; Le Dur et al., 2005; Beringue et al., 2006) . The human PrP transgenic mouse (tgHu) used expresses the Met 129 allele (tg650 line; to be published in the future). All of the lines overexpress (fivefold to eightfold) the heterologous PrP on a mouse PrP null background. All experiments were performed according to national guidelines. Each inoculum was prepared extemporarily in a class II microbiological cabinet according to a strict protocol to avoid any cross-contamination. Individually identified 6-to 10-weekold mice were inoculated intracerebrally with 20 l of a 10% (w/v) brain homogenate, monitored daily, and killed in extremis, as described previously (Le .
Analysis of PrP res molecular pattern. Brain tissue was homogenized at 20% (w/v) in 5% glucose with a Rybolyser (Hybaid, Middlesex, UK). PrP res was extracted according to the Bio-Rad (Hercules, CA) test protocol, by using 200 g/ml proteinase K (Euromedex, Mundolsheim, France) for 10 min at 37°C. After denaturation in Laemmli buffer, the samples were run on 12% NuPAGE gels (Invitrogen, Cergy Pontoise, France), electrotransferred onto nitrocellulose membranes, and immunoblotted with 0.1 g/ml biotinylated anti-PrP antibody Sha31 (Feraudet et al., 2005) . The amount of brain tissue loaded onto the gels varied between 0.05 and 3 mg. Immunoreactivity was visualized by chemiluminescence (GE Healthcare, Little Chalfont, UK). Glycoform ratios and apparent molecular mass were determined by the GeneTools software after acquisition of chemiluminescent signals with a GeneGnome digital imager (Syngene, Frederick, MD).
Histopathology. Histoblot analyses were performed on two to three brains per infection. Ten-micrometer-thick frozen sections were cut and transferred onto Superfrost slides and then onto nitrocellulose membranes soaked in lysis buffer (0.5% sodium deoxycholate, 0.5% NP-40, 100 mM NaCl, 10 mM EDTA, and 10 mM Tris, pH 7.8). After drying and rehydration in TBST (10 mM Tris, pH 7.8, 100 mM NaCl, and 0.2% Tween 20), membranes were digested by 25 g/ml proteinase K at 37°C for 1 h. After washes with TBST, the membranes were denatured with 3 M guanidinium thiocyanate in 20 mM Tris HCl, pH 7.8, for 5-10 min at room temperature. After being washed with TBST, the membranes were blocked with TBST-5% skimmed milk before a 2 h incubation at room temperature with the mouse anti-PrP 12F10 antibody (1:3000 in TBST; provided by J. Grassi, CEA, Saclay, France). After TBST washes, the membranes were incubated with alkaline phosphatase-conjugated antimouse IgG antibody for 1 h (1:2500 in TBST; Sigma, St. Quentin Fallavier, France). After washing in TBS, alkaline phosphatase activity was revealed with nitroblue-tetrazolium-chloride/5-bromo-4-chloroindolyl-phosphate substrate (Invitrogen). Two-micrometer-thick Formalin-fixed brain sections were stained with hematoxylin-eosin for assessment of spongiform changes. Vacuolation profiles were established following the standard method described previously (Fraser and Dickinson, 1968) , using two to eight brains per isolate and per passage (at least five for BSE-L and cattle BSE infections). The standard gray (G1-G9) and white (W1-W3) matter areas used to construct the profile were as follows: G1, dorsal medulla; G2, cerebellar cortex; G3, superior colliculus; G4, hypothalamus; G5, medial thalamus; G6, hippocampus; G7, septum; G8, medial cerebral cortex at the level of the thalamus; G9, medial cerebral cortex at the level of the septum; W1, cerebellar white matter; W2, white matter of the mesencephalic tegmentum; and W3, pyramidal tract. Results
Efficient transmission of BSE-L to ovine PrP mice
Three French and one Italian BSE-L isolates were inoculated intracerebrally to various transgenic mouse lines (see Materials and Methods). The transmission data available to date, together with those obtained comparatively with cattle BSE or BSE-related agents, are shown in Table 1 . BSE-L isolates induced a typical neurological disease with a 100% attack rate on mice expressing bovine (tgBov) or ovine (tgOv) PrP. Remarkably, the observed survival times, ϳ200 and 400 d, respectively, were consistently shorter than those produced by BSE-type agents (including sheep and goat BSE and vCJD), even compared with tgBov secondary passed BSE. Secondary transmission of BSE-L and BSE agents on tgBov mice produced no major change of the survival time. Conversely, BSE-L failed to transmit the disease to mouse PrP mice (tga20) (Fischer et al., 1996) , in sharp contrast to BSE-type agents. Altogether, the above data supported the view that BSE-L isolates involve an infectious agent distinct from BSE. Subpassaging of the BSE-L agent onto tgOv mice, however, led to the intriguing observation that the incubation time (ϳ140 d) (Table 1) became similar to that of BSE and related agents serially passed onto the same mice.
Molecular shift of L-BSE agent in tgOv mice
The brains of inoculated mice were examined for the presence of PrP res by immunoblot analysis. PrP res was readily detected from the first passage in terminally diseased, BSE-L infected tgBov and tgOv mice but not in BSE-L inoculated tga20 mice. In tgBov mice, the BSE-L and BSE agents produced clearly distinct PrP res signatures (Fig. 1) . As observed for the BSE H-type agent (Beringue et al., 2006) , BSE-L showed a PrP res profile resembling that in cattle ( Fig. 1 A) ; this profile, which is characterized by an equilibrated glycoform ratio whereas diglycoforms strongly predominate in PrP BSE (Fig. 1C) , remained unchanged on subsequent transmission (Fig. 1 B) . PrP res could also be readily detected in the brains of tgHu mice killed while healthy at 400 d after inoculation with the BSE-L agent (Fr-7 isolate). This was much earlier than in the brains of cattle BSE-infected tgHu mice, in which PrP res was only detected in a minority (approximately one-fifth) of terminally diseased animals (Fig. 2 A) . Again, PrP BSE-L exhibited a glycopattern similar to that in cattle and distinct from that of PrP BSE (Fig.  2 B) . Quite a different situation was observed in tgOv mice, in which the BSE-L agent produced a PrP res profile uniformly distinct from that in cattle (up to three passages, 33 brains analyzed). Moreover, this profile was indistinguishable from the PrP res profile of BSE and BSE-related agents propagated onto tgOv mice (Fig. 3A-C) . It is noteworthy that the tgOv-passed BSE agent retained a typical PrP res profile but with a lower predominance of diglycoforms. Reverse transmission of tgOv-adapted BSE agent to tgBov mice, however, restored the original glycoform ratio (Fig. 3D) , essentially similar to that in cattle.
Similar neuropathology of BSE-L and BSE in tgOv mice
Analyzing the spatial distribution and intensity of the PrP deposits and of the spongiform changes in the brain are two well established methods to discriminate between prion strains in mice (Fraser and Dickinson, 1968; Hecker et al., 1992) . We thus compared the neuropathological phenotypes of the BSE-L and BSE agents by PrP res histoblotting and by vacuole scoring. The PrP deposition patterns of BSE-L and BSE in tgBov mice were clearly distinct. As illustrated in Figure 4 , fine PrP deposits were abundant throughout the cerebrum, particularly in the cortex, several layers of the hippocampus, and rostral and ventral thalamic nuclei with BSE-L, whereas PrP BSE deposits were much more granular and rather confined to the corpus callosum and ventral nuclei of the thalamus. Lesion profiling also revealed clear differences: BSE-L induced a pronounced vacuolation in several gray matter areas, whereas BSE-induced vacuolation was discrete overall (Fig. 4 D-F ) . It is worth noting that the neuropathological features observed on secondary passage of the BSE-L agent onto tgBov mice were essentially preserved (the main change being a moderate increase of the vacuolation intensity) and again clearly distinct from those associated to the BSE agent (Fig. 4 D and data  not shown) . Applying the same comparative analysis to tgOv mice led to the opposite conclusion, i.e., an intriguing similarity of the PrP deposition and vacuolation patterns induced by BSE-L and BSE-type agents. In both cases, PrP res staining predomi- nantly involved several nuclei (habenular, laterodorsal, geniculate, and submedius) of the thalamus (Fig. 5A-D) , with other regions, such as the septum, external cortex of the inferior colliculus, and tegmentum being slightly less decorated (Fig. 5E-J ) . Only subtle differences were noted, such as in the fasciculus retroflexus, more strongly stained with BSE-L (Fig. 5H ) . Overall, such a distribution pattern was unique compared with the BSE-H agent and distinct scrapie strains propagated onto these mice (Le Beringue et al., 2006) , including CH1641 (Fig.  5D ) whose incubation time (130 d) (our unpublished data) compared with those of tgOv-adapted BSE-L and BSE agents. The spongiform changes observed with either type of agent were discrete in primary inoculated mice, unlike those produced by BSE-H, and became more severe on secondary passage. Again, they involved essentially the same areas of the gray and white matters (Fig. 5K-N ) .
Discussion
We examined the strain behavior of a class of cattle prion isolates newly identified by their atypical PrP res signature compared with the classical BSE agent (Casalone et al., 2004; Buschmann et al., 2006) , designated BSE-L in the present study. During transmission to transgenic mice, the different isolates analyzed shared identical molecular and biological features, supporting the view that a unique infectious agent is actually involved in the cases named L-type BSE and BASE, depending on the authors (see Introduction). The main finding emerging from this study is that the BSE-L agent, although displaying phenotypic traits distinct from those of BSE and BSE-related agents on the other transgenic mouse lines studied, acquired a BSE-like strain phenotype during transmission to mice expressing ovine PrP.
When serially transmitted to mice expressing the same PrP sequence as the natural host (tgBov), BSE-L (four cases) and BSE (three cases) maintained separate, stable phenotypes. Thus, BSE-L isolates showed (1) faster disease transmission than cattle BSE and related agents, as was reported recently for a German case (Buschmann et al., 2006) , (2) a distinctive PrP res signature, as in cattle, and (3) distinguishable PrP deposition and vacuolation patterns in the brain. Primary transmission to mouse or human PrP transgenic mice also revealed striking differences between the two agents. Thus, unlike that seen with various sources of BSE or the vCJD agent, BSE-L provoked no overt disease or detectable PrP res accumulation in tga20 mice. Inversely, it induced an early PrP res accumulation in the brain of tgHu mice relative to cattle BSE, with either agent retaining its distinctive PrP res profile. A worrying implication of this latter result is that the BSE-L agent might be transmissible to and possibly more virulent in humans than classical BSE, an issue that deserves to be investigated further.
In contrast, the BSE-L agent appeared to undergo a strain phenotype shift during transmission to tgOv mice, despite an incubation period during primary inoculation (ϳ400 d) much shorter than with cattle BSE (ϳ700 d) or BSE-H (ϳ600 d) res profile of BSE-L is similar to that observed with tgOv-passed BSE and differs from that in mice inoculated with BSE H-type or sheep scrapie (e.g., CH1641 strain). B, The BSE-like profile of BSE-L PrP res is maintained on subpassaging in tgOv mice. BSE-related agents are sheep BSE (left) and vCJD (right). C, Ratio of diglycoform and monoglycoform PrP res (data plotted as means Ϯ SEM). BSE-L passages are visualized by triangles [Italian (It) first passage, black; second and third passage, dark and light gray; French (Fr-7) first passage; white] and tgOv-passed BSE (third passage) by a black diamond. D, PrP res in tgBov mice inoculated with BSE serially passed in either tgBov or tgOv mice. (Beringue et al., 2006) , suggesting a lower transmission barrier from cattle to tgOv for BSE-L. Surprisingly, this novel strain phenotype appeared very similar to that of cattle BSE and related agents propagated onto the same mice, according to various criteria. First, the survival times observed after stabilization on tgOv differed by ϳ5% at most between BSE-L and BSE-type agents, which is unlikely to be significant. Second, the spatial distribution of PrP res in the brain showed only a few, minor differences, although being clearly distinct from the patterns observed with several classes of transmissible spongiform encephalopathy (TSE) agents characterized on these mice, including the BSE-H agent Beringue et al., 2006 ) (our unpublished data). Third, the vacuolation profiles observed from the second passage on, once the spongiform changes became substantial, essentially overlapped. Fourth, the PrP res molecular profiles of BSE-L and BSE agents on tgOv mice were indistinguishable.
The available typing methods, relying on the comparison of neuropathological features or a PrP res signature (Fraser and Dickinson, 1968; Hecker et al., 1992) , arguably have inherent limitations and may be considered of higher value in differentiating two strains than in looking for a potential strain identity. Another issue is the number and the diversity of isolates propagated on the recipient host. In this regard, it is worth emphasizing that 136 prion infectious sources from various species, including ϳ100 natural sheep or goat scrapie isolates, have been transmitted successfully to tgOv mice to date (supplemental Table  S1 , available at www.jneurosci.org as supplemental material). Remarkably, a PrP res profile with unglycosylated species of intermediate molecular size (ϳ20 kDa) and prominent diglycoforms has been uniquely and consistently observed with cattle BSE or BSE-related agents, until BSE-L isolates were analyzed. All other sources generated unglycosylated species with either higher or lower (e.g., CH1641 scrapie isolate) mobility (Vilotte et al., 2001; Le Dur et al., 2005; Beringue et al., 2006) . Therefore, the observed phenotypic convergence between BSE-L and BSE during transmission on tgOv mice appears as an uncommon event, so far involving only these two strains, both of bovine origin.
Our findings may represent a novel, striking example of the evolutionary potential of prion agents during transmission to a foreign host, which can promote strain shift and emergence of unprecedented properties in a yet unpredictable manner (Kimberlin et al., 1987; Scott et al., 1997; Bartz et al., 2000; . It is unclear in the present state of our investigations which type of mechanism, selection or de novo emergence, may account for the apparent conversion of BSE-L toward the classical BSE strain. Preferential selection in these mice of a classical-type BSE agent that would preexist as a minor component in the brain tissue of BSE-L-infected cattle is one possibility. Indeed, recent observations have questioned the strain homogeneity of the agent present in cattle BSE infectious sources. Thus, transmission of BSE isolates to C57BL and SJL mice expressing the same mouse PrP allele was reported to result in a divergent strain phenotype among the two lines (Asante et al., 2002; Lloyd et al., 2004) . Also, biochemical analyses revealed a dual PrP res signature in BSE (and vCJD) brain homogenates (Yull et al., 2006) , which may suggest, albeit not exclusively, the presence of a secondary, minor strain component. However, favored propagation of a BSE-like component preexisting in BSE-L-infected brain tissues is unlikely to explain our observation because, as mentioned above, the BSE agent produces much prolonged incubation periods compare with BSE-L in tgOv mice. A still missing piece of information is whether the observed convergence truly reflects a permanent strain shift of the BSE-L agent, because both reversible and irreversible changes have been reported to occur during heterologous transmission of a biologically cloned prion strain (Kimberlin et al., 1987; Scott et al., 1997) . Experiments are underway to determine whether the "ovinized" BSE-L agent would retain BSE phenotypic traits during reinoculation to tgBov mice, as we found it to be the case for the ovinized BSE agent. It would also be of interest to learn whether BSE-L would behave similarly on mice expressing an ovine PrP allotype other than Val 136 Arg 154 Gln 171 as in the present study, because even single amino acid differences in the PrP sequence might be crucial in promoting a strain phenotype shift (Bruce, 2003; .
In conclusion, the findings reported in the present study provide new insight into the nature of the events that could have contributed to the emergence of the BSE epidemic. The various theories currently proposed regarding the origin of the BSE agent invoke two kinds of mechanisms (Colchester and Colchester, 2005; : an intrinsic cause, i.e., a spontaneously diseased cattle attributable for instance to somatic or germ-line mutation of PrP, or an extrinsic cause, i.e., the infection of cattle by a prion from another species, involving a strain change or not. Our observation is consistent with the view that the epidemic BSE agent could have originated from an endogenous, cattle prion. It also points to the theoretical possibility of a multiple causative event, in which a prion sporadically present in cattle may have "mutated" through passage on an intermediary host such as a sheep.
During the review process of this paper, a study performed on conventional mice has been published that reports converging features of BASE-subpassaged mice toward BSE-inoculated mice (Capobianco et al., 2007) , thus strengthening the notion that the BSE-L agent tends to acquire epidemic BSE-like properties during transmission to a heterologous host. 
